INTRODUCTION {#SEC1}
============

Cre/LoxP technology is widely used in the field of mouse genetics for spatial and/or temporal regulation of gene function ([@B1]--[@B3]) and hundreds of Cre 'deleter' lines are available to the mouse community. Cell-type specific expression of Cre allows for specific deletion of a gene of interest by the use of a 'conditional knock-out' (CKO) allele of that gene ([@B2]). Typically, for a conditional allele a critical exon(s) is flanked by two loxP sites ('floxed') and in the cells where Cre is expressed, the floxed exon(s) is removed, resulting in a deletion, or knock-out, allele. Cre deleter lines are generated either by targeted knock-in of the Cre cDNA into an endogenous locus or by pronuclear microinjection of a Cre transgene driven by a cell-type specific promoter. For the latter, the integration site is random and in most cases not known. Knowledge of where the transgene is integrated is important for planning of crosses between animals carrying a conditional allele and a given Cre allele in case the alleles are on the same chromosome. This becomes increasingly important in complex crosses with multiple conditional alleles, as some combinations of alleles might not be possible. Importantly, integration of a transgene can disrupt an endogenous gene, potentially interfering with interpretation of the transgenic phenotype ([@B4]--[@B6]) or preventing the generation of homozygous transgenic animals due to embryonic lethality when the transgene is bred to homozygosity. Transgenes often integrate as a multicopy concatemer ([@B7]) and in the absence of integration site data, hemi- and homozygous animals have to be distinguished by copy number variation (CNV) analysis which involves quantitative polymerase chain reaction (PCR) and reference DNA with a known copy number. The resolution and reliability of CNV analysis for accurate genotyping decreases as copy number increases. Therefore, another important and practical use of knowing the exact transgene insertion site is that efficient, copy-number independent and locus-specific genotyping assays can be developed. For large transgenic animal facilities, where a large number of genotyping assays are performed, automated genotyping platforms and robust assays are necessary ([@B8]). CNV analysis is more labor-intensive than real-time PCR assays due to the need for an internal copy number standard and the additional requirement for replicates to ensure accurate copy-number calling ([@B9]). Alternatively, if the insertion site is known, an assay can be designed for the wild-type DNA and for the insertion, allowing for analysis without having to calculate copy number in order to determine zygosity. Thus the characterization of transgene integration sites is important both to know if any rearrangements have occurred in the endogenous sequence of the integration site and to enable automated genotyping of as many of the Cre transgenic lines as possible.

The most commonly used method for identification of transgene insertion sites is based on inverse PCR (iPCR) ([@B10],[@B11]). This method relies on knowledge of appropriate restriction sites located in the transgene and on sequence information to design appropriate primers for the iPCR. Furthermore, iPCR works best if the number of transgene copies is low as selective amplification of the transgene concatemer reduces the chance of identifying a PCR product containing flanking genomic sequence ([@B12]). An alternative method for identification of insertion sites, 'Splinkerette', was first developed for the cloning of retroviral integration sites ([@B13]). Just as for iPCR, Splinkerette is best suited for single or low copy integrations. While iPCR and Splinkerette can be used to identify the genomic/transgene junction, both methods rely on prior knowledge of the end(s) of integrated transgene sequences and on whether the breakpoint sequence is suited for PCR amplification. In addition, neither method provides any information about structural changes at the integration site. Although both iPCR and Splinkerette methods now take advantage of next-generation sequencing (NGS) (for example, see ([@B14])), NGS technology alternatives to iPCR and Splinkerette for transgene mapping now include whole genome sequencing ([@B15],[@B16]) and sequence capture followed by NGS ([@B17]). Whole genome sequencing analyses are not suited for the detailed analysis of the transgene sequence since most of the generated sequencing data is uninformative. More importantly, in hemizygous mice, the generated sequencing data is not only derived from the locus of integration but also from the wild type locus, obscuring interpretation of structural changes specific to the integration site. Moreover, many transgenes contain sequences that are homologous to endogenous sequences and the presence of the endogenous homologs in whole genome sequencing data precludes sensitive and specific analyses of the transgene. Capture (or multiplex PCR based) enrichment technologies require detailed knowledge of the transgene sequence and, inherently, only provide information across sequences known to be present in the transgene and for which capture probes/PCR primers were designed. The integration site in the genome is only detected if that specific fragment was captured by the designed probes and successfully sequenced.

As an alternative to whole genome sequencing and capture based targeted re-sequencing, targeted locus amplification (TLA) enables the selective amplification and NGS sequencing of the locus of interest without the need for detailed knowledge of the region ([@B18]). The TLA technology is based on the crosslinking, fragmentation, religation and selective amplification of DNA and results in the amplification of \>100 kb of sequence information at either end of a primer pair complementary to a short (trans-) gene specific sequence. As such, TLA-based targeted sequencing enables targeted complete sequencing of loci of interest and detection of all single nucleotide variations (SNVs) and structural variants. Here we describe the use of TLA to efficiently map the transgene location in seven previously published Cre and CreERT2 transgenic lines. These seven mouse lines are all widely used by the mouse community. For example, see <http://www.informatics.jax.org/home/recombinase> for an up-to-date list of references for each transgenic line. With very limited sequence data available for the transgenes used to generate these lines, Cre transgenic lines provided an ideal test-case for the power of the TLA approach to transgene mapping. Because the mouse lines all have the Cre sequence in common, we designed primers on the Cre sequence and these primers could then be used in the analysis for all Cre lines. After mapping the exact integration sites and identifying structural changes, we used the information to design quantitative PCR genotyping assays that distinguish wild-type, hemizygous and homozygous animals for four of the lines. Our data illustrates the power of the TLA method to sequence transgenes and efficiently map their integration sites with very limited requirement for prior knowledge of the transgene sequence. Furthermore, our data illustrates the power of TLA to identify structural changes occurring at the site of transgene integration.

MATERIALS AND METHODS {#SEC2}
=====================

Mouse strains {#SEC2-1}
-------------

The Cre and CreERT2 transgenic strains used in this study were licensed and obtained from different sources and then maintained at Genentech. [ACTB-Cre:]{.ul} FVB/N-Tg(ACTB-cre)2Mrt/J ([@B19]). Obtained from the Jackson laboratory (stock no. 003376) and back-crossed until congenic on C57BL/6N at Genentech. [BEST1-Cre:]{.ul} C57BL/6-Tg(BEST1-cre)1Jdun/J ([@B20]). Obtained from the Jackson laboratory (stock no. 017557). Generated on C57BL/6NCrl, then crossed to and maintained on C57BL/6J. [Cdh5-CreERT2:]{.ul} Tg(Cdh5-cre/ERT2)CIVE23Mlia ([@B21]). Obtained from University of California, LA (UCLA). Generated on C57BL/6J and kept on a C57BL/6J background at Genentech. 'CIVE': [C]{.ul}57BL/6J, [I]{.ul}nducible, [VE]{.ul}-cadherin Cre-recombinase mouse. [Pdx1-Cre:]{.ul} Tg(Pdx1-cre)6Tuv ([@B22]). Obtained from University of Cincinatti and then back-crossed until congenic on C57BL/6J-*Tyr*^c-2J^ at Genentech. [Syn1-Cre:]{.ul} B6.Cg-Tg(Syn1-cre)671Jxm/J ([@B23]). Obtained from The Jackson laboratory (stock no. 003966). This strain originated on a B6:CBAF1 background and then backcrossed to wild-type C57BL6/NHsd mice for at least five generations at the Jackson laboratory. Maintained at Genentech on the mixed C57BL/6N:CBA background. [Tyr-CreERT2:]{.ul} Tg(Tyr-cre/ERT2)13Bos ([@B24]). Obtained from the University of Vermont, via Charles River Laboratories, then backcrossed until congenic on C57BL/6J at Genentech. [Vil1-Cre:]{.ul} B6.Cg-Tg(Vil-cre)997Gum/J ([@B25]). Obtained from The Jackson laboratory (stock no. 004586). Congenic on C57BL/6J. All rodent studies were performed in accordance with Institutional Animal Care and Use Committee--approved guidelines.

Splenocyte preparation {#SEC2-2}
----------------------

Mice were euthanized and the spleens dissected and stored on ice. Splenocytes were then isolated and purified through a 40 μm mesh filter. The splenocytes were collected by centrifugation at 4°C at 500 × *g* for 5 min. For each spleen, the supernatant was discarded and the pellet dissolved in 1 ml 1× Pharm Lyse (BD Biosciences) and the samples were incubated at room temperature for 3 min to lyse splenic erythrocytes. To terminate the lysis reaction, 0.5 ml phosphate buffered saline (PBS) was added and the splenocytes were collected by centrifugation at 4°C, 500 × *g* for 5 min, the supernatant discarded and the pellet resuspended in 0.5 ml PBS. After one final centrifugation step for 2 min, the supernatant was discarded and cell pellet resuspended in 1 ml freeze medium (PBS with 10% Dimethyl Sulfoxide and 10% fetal calf serum). The samples were stored at minus 80°C until TLA processing.

TLA {#SEC2-3}
---

Preparation of the samples for TLA was performed as described ([@B18]). In brief, the splenocytes were crosslinked using formaldehyde and DNA was digested with NlaIII. The samples were ligated, crosslinks reversed, and the DNA purified. To obtain circular chimeric DNA molecules for PCR amplification, the DNA molecules were trimmed with NspI and ligated at a DNA concentration of 5 ng/μl to promote intramolecular ligation. Importantly, NspI was chosen for its RCATGY recognition sequence that encompasses the CATG recognition sequence of NlaIII. As a consequence, only a subset of NlaIII (CATG) sites were (re-)digested, generating DNA fragments of approximately 2 kb and allowing the amplification of entire restriction fragments. Sequences of the Cre iPCR primers are (5΄ to 3΄): 2291_CRE1_F GGAGTTTCAATACCGGAGAT; 2292_CRE1_R AGGGTGTTATAAGCAATCCC; 2299_CRE2_F AGTTTCAATACCGGAGATCA; 2300_CRE2_R TTTCGGCTATACGTAACAGG.

After ligation, the DNA was purified, and eight 25-μl PCR reactions, each containing 100 ng template, were pooled for sequencing. Illumina NexteraXT NGS library preparations were performed according to manufacturer\'s protocols. We performed sequencing of TLA libraries on the Illumina MiSeq platform pooling ∼20 libraries per V2 PE150 sequencing run yielding on average 1 million reads per library.

Bioinformatics/sequence alignment {#SEC2-4}
---------------------------------

Because the TLA protocol leads to reshuffling of genomic sequences, reads were mapped using split-read aware alignment with BWA mapping software version 0.6.1-r104, settings: bwasw --b 7 ([@B26]). Although we perform paired-end sequencing, we do not use the paired-end information in the mapping owing to reshuffling of the sequence. Paired ends are therefore treated separately in the general analysis. The data were aligned to the human (hg19), mouse (mm9) and rat (rn5) genome. The resulting BAM files were analyzed using IGV software ([@B27]).

Genotyping assays {#SEC2-5}
-----------------

For all seven lines, the mice were first typed for presence or absense of the Cre transgene using the generic *Cre*\_*Apob* primers and probes listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Using the same primers and probes, samples were then analyzed in triplicate or quadruplicate and C~q~ values for the samples and the internal reference (*Apob*) were calculated using CFX Manager software (Bio-Rad). The means of the C~q~ values were used to calculate ΔC~q~ values and these were then used to calculate transgene copy number using the $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$2^{-{\Delta\Delta}{\rm C_q}}$\end{document}$ formula ([@B28]). Genomic DNA was isolated from tail biopsies using the Agencourt DNAdvance kit, 96 well (Beckman Coulter) and tail DNA from a homozygous knock-in Cre line (two copies of Cre) was used as copy-number reference. Based on transgene integration site sequences, genotyping assays were designed using PrimerQuest software (Integrated DNA Technologies). 5΄ nuclease assays were created such that one primer sits 5΄ to the junction site, and one reverse primer sits 3΄ to the probe. A wild-type probe is designed to sit entirely on uninterrupted wild-type sequence 3΄ to the forward primer and a mutant probe is created to sit 3΄ of the junction site, completely in the transgene. Primer and probe sequences are provided in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. A total of 5 μl reactions were constructed as follows: 1 μl (∼20--100 ng) gDNA, 2.5 μl of 2× Type-It Fast SNP Probe PCR Master Mix (Qiagen) and 1.5 μl of primers and probes with a final reaction concentration of 500 nM each primer and 250 nM each probe. Assembled reactions were processed on a CFX384 Touch Real-Time PCR System (Bio-Rad) under the following cycling conditions: initial denaturation at 95°C for 8 min followed by 30 cycles of 95°C for 10 s, 60°C for 60 s and 72°C for 15 s. C~q~ values were calculated using CFX Manager software (Bio-Rad). Relative fluorescence units values were averaged for duplicate samples and plotted using Prism 6 Software (GraphPad) with Cre TG probe signal on the X-axis and WT signal on the Y-axis.

Data access {#SEC2-6}
-----------

Fastq files generated using TLA technology have been deposited at the NCBI SRA (Sequence Read Archive) under accession number PRJNA343439 (<http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA343439>).

RESULTS {#SEC3}
=======

Copy number analysis of seven Cre/CreERT2 lines {#SEC3-1}
-----------------------------------------------

In the absence of detailed information on the transgene insertion site in our transgenic lines, we routinely genotype and determine zygosity for Cre transgenic mice by CNV analysis. This is done by quantitative PCR (qPCR) using Cre-specific PCR primers and a Cre probe (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Using a calibrator with a known number of Cre copies, the copy number value is calculated using the standard qPCR formula, $\documentclass[12pt]{minimal}
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}{}$2^{-\Delta\Delta}{\rm C}_{\rm q}$\end{document}$ ([@B28]) (see 'Materials and Methods' section for details). An example of CNV genotyping data for all seven Cre/CreERT2 lines used in this study is shown in Figure [1](#F1){ref-type="fig"}. Although CNV analysis is separate from TLA, and not necessary for accurate TLA analysis, the calculated transgene (hemizygous) copy number for each of the seven lines is listed in Table [1](#tbl1){ref-type="table"} for easy reference. This method is reliable but time-consuming due to the amount of manual genotype-calling needed after obtaining the qPCR data and thus we were interested in obtaining integration-site specific data for each line to be able to generate genotyping assays that can directly distinguish wild-type, hemizygous and homozygous animals, enabling full automation of the genotyping process. Added benefits to knowing the integration site would include information of proximity to nearby genes that might be affected by the transgene, and information about structural changes at the integration site.

![Copy number variation (CNV) analysis for all seven Cre/CreERT2 lines described in this study. Y-axis show calculated copy number by comparison to a homozygous (2 copies) Cre knock-in mouse control. Animals carrying the Cre transgene were first identified and subsequently CNV was performed to determine allelic status. Each data point represents one animal. C~q~ values used to calculate ΔC~q~, ΔΔC~q~ and copy number were mean of values from 3--4 technical replicates. TG/TG: homozygous transgenic. TG/WT: hemizygous transgenic.](gkw1329fig1){#F1}

###### Summary of Cre transgene integration site data.

  Transgenic line   Reference                      Position           Nearest gene(s)   Structural variation     Copy number
  ----------------- ------------------------------ ------------------ ----------------- ------------------------ -------------
  ACTB-Cre          Lewandoski *et al*. ([@B19])   chr1:129,442,346   *Tmem163*         deletion                 1
  BEST1-Cre         Iacovelli *et al*. ([@B20])    chr9:103,722,073   *Tmem108*         deletion                 5
  Cdh5-CreERT2      Monvoisin *et al*. ([@B21])    chr3:38,522,028    *Ankrd50*         duplication, insertion   5
  Pdx1-Cre          Hingorani *et al*. ([@B22])    chr8:90,531,639    *Zfp423*          duplication              6
  Syn1-Cre          Zhu *et al*. ([@B23])          chr6:10,423,318    n.a^a^            duplication, insertion   10
  Tyr-CreERT2       Bosenberg *et al*. ([@B24])    chr2:129,989,606   *Tgm6, Snrpb*     deletion                 2
  Vil1-Cre          Madison *et al*. ([@B25])      chr17:55,466,255   *St6gal2*         deletion                 16

^a^n.a.: Not applicable; nearest gene is \>1 Mb away from integration site. Reference genome: mouse genome assembly NCBI37/mm9. Determination of hemizygous transgene copy number was calculated using quantitative PCR data from Figure [1](#F1){ref-type="fig"} and was not part of the TLA analysis.

Identification of transgene integration sites {#SEC3-2}
---------------------------------------------

In order to identify the exact transgene integration sites, we performed TLA on splenocytes from an individual animal from each line. An outline of the TLA process is provided in Figure [2](#F2){ref-type="fig"} (please see ([@B18]) and 'Materials and Methods' section for details). We mapped the sequence data to the mouse, rat and human genomes and analyzed the results to identify integration sites in the mouse genome and to confirm, or identify, the different components of the transgenes (e.g. a rat-derived promoter or the human estrogen receptor sequences found in CreERT2 lines). TLA provides deep sequence coverage of genomic regions in close proximity to the location of the primer set and very low sequence coverage of the rest of the genome ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). This allows for identification of the exact transgene integration site with high confidence and for detailed characterization of any structural changes at the integration site. After mapping of the transgene integration sites, the exact transition sequences sites were subsequently confirmed by PCR followed by sequencing using genomic DNA from transgenic mice and primers designed to span the identified junction. The genomic/transgene sequence for one or both of the two junctions for each transgenic line is provided in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}, and transgene integration site data for each of the seven transgenic Cre lines is summarized in Figure [3](#F3){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}. The ACTB-Cre mouse line contains a transgene consisting of human *ACTB* (beta-actin) promoter, the *Cre* cDNA and human *ACTB* 3΄UTR and polyA signal ([@B19]). TLA analysis mapped the transgene insertion site to mouse chromosome 1 in intron 4 of *Tmem163*. Our analysis also detected three intronic deletions of 2.2, 7.3 and 3.2 kb, respectively, surrounding the transgene integration site.

![Flow diagram of the TLA process. For details, see the 'Materials and Methods' section.](gkw1329fig2){#F2}

![TLA coverage and analysis plots. Upper panels, TLA sequence coverage: mouse chromosomes 1 through X are arranged on the Y-axis. X-axis shows chromosomal position. A detailed view of TLA sequence coverage surrounding the integration site is expanded in the middle panels. Lower panels: graphic representation of transgene integration site and structural changes. Gray: flanking genomic sequence. Blue: transgene and corresponding genomic coordinates of the transgene sequence (mouse, human or rat genome). Only one transgene copy is shown for simplicity. Green: DNA sequences that cannot be mapped to a genome (e.g. vector sequence). Red: a 40 kb mouse *Vat1l* sequence co-integrated with the Cdh5-CreERT2 transgene and a 142 kb mouse Chr1 sequence co-integrated with the Syn1-Cre transgene. Duplicated regions are highlighted by hatching. For Syn1-Cre, one end of the duplicated region is unknown (indicated by a dotted line). ND: no data. Mouse genome assembly: mm9; human genome assembly: hg19. Rat genome assembly: rn5.](gkw1329fig3){#F3}

The BEST1-Cre transgene contains about 500 bp of the human *BEST1* promoter, *Cre* cDNA, Simian Virus 40 (SV40) exons/introns and Herpes Simplex Virus Thymidine Kinase (HSV TK) polyA ([@B20]). TLA analysis mapped the transgene insertion site to mouse chromosome 9, about 58 kb upstream of *Tm108*. Our analysis also detected a 120 bp deletion at the transgene integration site.

The Cdh5-CreERT2 line carries a transgene consisting of a 3 kb mouse *Cdh5* (*VE-cadherin*) promoter, a rabbit beta-globin intron, *CreERT2* and SV40 intron/exon plus polyA ([@B21]). TLA analysis maps the integration site to chromosome 3, about 138 kb upstream of *Ankrd50*. Our analysis also detected a fragment (about 40 kb) from the mouse *Vat1l* gene. As this sequence is not part of the transgene itself, it\'s possible that the fragment co-integrated with the transgene (see 'Discussion' section). In addition, our analysis indicates that a 87.6 kb genomic duplication occured at the integration site. This duplication unfortunately prevents design of a genotyping assay that can distinguish hemizygous from homozygous mice as the wild-type probe will be able to recognize both the unmodified wild-type allele and the transgene allele. In other words, true homozygous transgenic mice would be falsely typed as hemizygous due to the extra signal from the wild-type probe (see [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

The only description of the Pdx1-Cre transgene in the original publication is that *Cre* is driven by the mouse *Pdx1* promoter ([@B22]). By mapping the sequences to both the human and mouse genome, our TLA analysis found that the Pdx1-Cre transgene in addition to the mouse *Pdx1* promoter also contains human *ACTB* 3΄UTR and polyA signal. TLA analysis mapped the transgene insertion site to mouse chromosome 8, about 48 kb upstream of *Zfp423*. Our analysis shows that a 1.5 kb genomic duplication occurred at the integration site. As for Cdh5-CreERT2, this duplication prevents design of a genotyping assay that can distinguish hemizygous from homozygous mice.

The Syn1-Cre transgene contains about 4 kb of the rat *Syn1* promoter, 100 bp of chloramphenicol acetyltransferase vector/UTR sequence, *Cre* and the human growth hormone gene (exons, introns, polyA) ([@B23]). TLA analysis mapped the transgene insertion site to mouse chromosome 6. For this insertion site, the nearest gene is located more than 1 Mb away. Our analysis identified a duplication of unknown size of the genomic region at the integration site. As for Cdh5-CreERT2 and Pdx-Cre, this duplication prevents design of a genotyping assay that can distinguish hemizygous from homozygous mice. Furthermore, we also found evidence of the co-integration of a 142 Kb region from chromosome 1 along with the transgene. For this transgene we were not able to identify more than one of the two transgene/genomic transitions. A more detailed view of the TLA analysis for Syn1-Cre is provided in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

The Tyr-CreERT2 line carries a transgene composed of a 3.6 kb mouse *Tyr* enhancer element fused to a 5.5 kb mouse *Tyr* promoter element. The two elements map 12 kb apart on the mouse genome. Between the promoter and *CreERT2* cDNA is a rabbit beta-globin intronic sequence and the *CreERT2* cDNA is followed by the SV40 polyA ([@B24]). TLA analysis maps the integration site to chromosome 2, about 7.8 kb downstream of *Snrpb* and 9.6 kb downstream of *Tgm6*. Our analysis also detected a 3 kb genomic deletion at the integration site.

Finally, The Vil1-Cre line carries 12.4 kb of the mouse *Vil1* promoter fused to *Cre*, followed by exons, introns and polyA from the mouse *Mt1* gene ([@B25]). TLA analysis maps the integration site to chromosome 17, about 119 kb upstream of *St6gal2*. Our analysis also detected a 14.6 kb genomic deletion at the transgene integration site.

Development of real-time PCR assays based on transgene integration site data {#SEC3-3}
----------------------------------------------------------------------------

With transgene insertion site sequences available, we next designed genotyping assays for the four lines that did not have genomic duplications surrounding the integration site (ACTB-Cre, BEST1-Cre, Tyr-CreERT2 and Vil1-Cre) to enable high-throughput and fully-automated genotyping using real-time PCR. A genomic duplication flanking the integration site does not prevent the design of a transgene-specific assay. However, the assay for the wild-type allele will also produce a signal from the transgene allele, thus preventing accurate genotyping ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). With the integration site sequences available from this study ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), it is also possible and easy to design three-primer assays for regular PCR. In this type of genotyping assay, a forward genomic primer is shared and reverse primers are designed specific to either the transgene or the wild-type allele, making sure the two kinds of amplicons have different sizes. All three primers are included in the PCR reaction and the three possible genotypes (wild-type, hemizygous and homozygous transgenic) can easily be identified by agarose gel separation. This type of assay, commonly used in smaller mouse facilities, is not practical for high-throughput genotyping, however. As described in the 'Materials and Methods' section and summarized in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, we therefore developed a set of primer pairs and matching probes for real-time PCR, specific for each Cre/CreERT2 transgene insertion site and their corresponding wild-type alleles. The assays were then tested using tail-derived genomic DNA. Genotyping results for the four Cre/CreERT2 lines are shown in Figure [4](#F4){ref-type="fig"} (A, B, C, D, respectively). For all assays, a clear separation of wild-type, hemizygous and homozygous transgenic animals was obtained, illustrating the robustness of the genotyping assays. The genotype calls were all confirmed by our standard CNV genotyping assay (data not shown).

![Real-time PCR genotyping plots. X-axis show value of FAM probe signal (transgene specific probe). Y-axis show value of HEX probe signal (wild-type specific probe). RFU: relative fluorescence units. Each data point represents one animal. C~q~ values are means of values from two technical replicates. For each plot the tested genotypes are indicated in the legend. TG/TG: homozygous transgenic. WT/WT: wild-type. TG/WT: hemizygous transgenic. WT control: C57BL/6N. Neg. control: no template control.](gkw1329fig4){#F4}

Effect of transgene insertion on nearby genes {#SEC3-4}
---------------------------------------------

For the ACTB-Cre line, we mapped the insertion site to intron 4 of *Tmem163* (Figure [3](#F3){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). Our analysis also detected three intronic deletions. It is therefore possible that the normal function of *Tmem163* is disrupted in this line. However, we routinely obtain homozygous transgenic mice, so *Tmem163* is either not necessary for normal development or fertility, or the transgene does not significantly alter the normal regulation and expression of *Tmem163*. A *Tmem163* knock-out mouse has to our knowledge not been reported, but a plausible role for *Tmem163* in the regulation of intracellular zinc levels has been suggested ([@B29]). It can therefore not be ruled out that ACTB-Cre mice display a Zinc homeostasis phenotype, and this should be taken into account when using the ACTB-Cre line together with alleles of genes relevant for Zinc metabolism. Table [1](#tbl1){ref-type="table"} lists nearby genes for the other Cre transgenic lines as well. Although none of the other integration sites are located within genes, some transgenes are located in the vicinity of genes and we cannot exclude that transgene integrations influence the expression of these nearby genes. However, since we have been able to generate homozygous mice from all seven lines, it can be concluded that none of these Cre/CreERT2 transgenes disrupt genes essential for survival and development.

DISCUSSION {#SEC4}
==========

Compared to other methods for identifying transgene insertion sites, including other NGS methods, TLA uniquely enables targeted and complete NGS sequencing of transgenes and integration sites and the detection of single nucleotide variants and structural variants within the transgene sequence and in sequences surrounding the integration site. We have demonstrated here that even with limited knowledge of the transgene sequences (limited to the method sections of the papers where the Cre lines were first described), it is possible to generate a complete or near-complete picture of the transgene integration event and provide exact genomic/transgenic borders. The transgenes described in this study all contain the *Cre* cDNA sequence, and we could thus use the same set of Cre-specific primers to perform TLA analysis for all the seven Cre or CreERT2 lines. We are currently using this approach to map the insertion site in additional transgenic Cre lines in our facility but since only minimal information is needed about a given transgene for successful mapping, TLA is a highly efficient method that should be useful for mapping the insertion site of any transgene.

Importantly, our analysis identified structural changes at the site of transgene integration in all seven lines. Three of the lines (Cdh5-CreERT2, Pdx1-Cre and Syn1-Cre) had genomic duplications surrounding the transgene concatemer. These duplications prevent the design of genotyping assays that can distinguish wild-type, hemizygous and homozygous alleles since all the samples will have a positive signal from the wild-type probe/amplicon ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Four lines had small or large deletions and we identified genomic DNA fragments from another chromosome integrating along with the transgene in two lines. Our observation of structural variations at the integration site is in agreement with a chromothripsis model for transgene insertion ([@B30],[@B31]). While the mechanism for transgenesis by random insertion is still largely unknown, it is possible that the linear transgene is simply integrated at a chromosomal site already undergoing active DNA break repair. Alternatively, by an unknown mechanism, the action of injecting linear DNA into the pronucleus of a mouse zygote could itself stimulate chromothripsis followed by DNA repair and insertion of the transgene, accompanied by other structural changes (insertions, deletions, inversions). This model suggests that only when repair by the cell\'s DNA repair machinery is possible in a manner compatible with survival will a transgenic founder be the result. If DNA repair is not possible, due to extensive chromosomal damage, the early embryo will not survive. To our knowledge there are only a few reports in the literature ([@B30],[@B32]) with detailed analysis of transgene integration events. Going forward, TLA should be an excellent tool for this type of analysis.

In conclusion, we have demonstrated the power of TLA not only for precisely mapping the integration site of several Cre transgenes, but also for describing the nature of the structural changes that often accompany transgene insertions. Detailed knowledge of the transgene integration event not only allows for improved genotyping assays, it also helps inform the interpretation of phenotypes obtained when using mice, or any other model organism, carrying transgenic alleles. Finally, for crosses involving conditional alleles, knowing the exact location of the Cre transgene is a clear advantage and since the use of transgenic Cre/CreERT2 lines is widespread, our results and methods should serve as a useful reference for the mouse community.
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